Introduction
The Colorado potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera, Chrysomelidae), is a cosmopolitan and a serious pest of potato and many other plants throughout North America and Europe (The Ministry of Agriculture of Turkey 1995 , O'Neil et al. 2005 . Chemical control measures against this beetle used so far have been unable to prevent increased spreading of this dangerous pest (Hostounský 1984) . Because Colorado potato beetles are developing resistance to insecticides quickly, new methods are needed for control (Martin 2004 ). Owing to a lack of information on biotic factors regulating the density of its population both in the area of its origin and new areas of its distribution, it can only be assumed that the natural enemies, mainly pathogens, eventually become adapted to the new host (Hostounský 1984) . Therefore the study of its natural enemies is of great importance for biological control programs. There is some information on the natural enemies of this beetle (Lipa 1968 , Sidor 1974 , Hostounský 1984 , O'Neil 2005 et al., Ertürk et al. 2008 . However, some of the natural enemies are not well-known. Alternative biological control methods of L. decemlineata, like selective antagonists influencing the density of the beetle, will be improved by a better understanding of the taxonomy and characteristic features of its natural enemies.
One of the natural occurring pathogens of L. decemlineata is Nosema leptinotarsae. Lipa (1968) found this species in hemocytes of adult beetles in the former Soviet Union and described the spore morphology using light microscopy, but viable material is apparently not available for further study (Brooks et al. 1988) . Since then, neither N. leptinotarsae nor any other microsporidium has been recorded from L. decemlineata.
In the present paper, the ultrastructure of life cycle stages of a microsporidium found in L. decemlineata in Turkey and the characteristic features are presented and compared with other Nosema species infecting beetles in the family Chrysomelidae (Coleoptera). The prevalence and distribution of the pathogen in the Eastern Black Sea Region of Turkey are also given. 
Materials and methods
Adults of L. decemlineata were collected at Trabzon, which is on the south coast of the Black Sea in Turkey. Insects were dissected in Ringer's solution and wet smears of tissue samples were examined under a microscope for identification of microsporidia. When an infection was present, a part of the material was used for preparation of stained smears and another part was used for ultrastructural studies. The slides were air-dried and fixed with methanol for 10 min. They were then washed with distilled water, stained for approximately ten hours in freshly prepared 5% solution of Giemsa stain, washed in running tap water, air-dried, and re-examined under the microscope (Toguebaye et al. 1988, Undeen and Vávra 1997) .
Detected fresh and stained spores were measured and photographed using an Olympus BX51 microscope with a DP-25 digital camera and a DP2-BSW Soft Imaging System.
For transmission electron microscope studies, portions of infected tissues were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 1-2 h, rinsed in cacodylate buffer, postfixed in reduced OsO 4 according to Karnovsky (a fresh 1:1 mixture of 2% OsO 4 and 3% K 4 [Fe(CN 6 ]) for 1.5 h, rinsed in cacodylate buffer, and dehydrated in ethanol prior to embedding in Spurr's resin (Spurr 1969) . Thin sections were mounted on Pioloform-coated copper grids which were then stained with saturated uranyl acetate and Reynolds' lead citrate (Reynolds 1963) . They were examined with a Philips 208 electron microscope (TEM). 
Results
A microsporidial infection was found in both adults and larvae of L. decemlineata collected in Trabzon (Turkey). Light microscopic examinations of the parasitized individuals revealed the presence of the pathogen in the midgut cells and Malpighi tubules (Fig 1) . A sporophorous vesicle was not observed during the light and electron microscopical observations.
Developmental stages observed with light microscopy
Several life cycle stages of the pathogen were observed in the stained smears (Figs 2-7). Meronts with one diplokaryon were spherical or ovoid and measured 4.08 to 4.28 µm for spherical and 2.82 × 5.79 µm for ovoid meronts (Figs 3, 4, 8, 9) . Diplokaryotic sporonts were spherical to elongate, measuring 3.48 to 4.68 µm (Figs 5, 6, 10) . Sporoblasts were elongated and measured 2.9 × 6.23 µm (Figs 7, 11) . Fresh spores were oval and very homogeneous in size, measuring 4.69 ± 0.19 µm in length and 2.43 ± 0.12 µm in width (n = 50) (Fig. 2 ). Spores stained with Giemsa's stain were diplokaryotic ( Fig. 1) and measured 3.80 ± 0.25 (3.25-4.60) (n = 60) µm in length and 2.18 ± 0.17 (1.65-2.61) (n = 60) in width. The typical cone-shaped internal structure was readily visible within the spore (Figs 2, 4).
Spore morphology and ultrastructure
Electron microscopic observations confirmed that the developmental stages and spores were in direct contact to the host cell cytoplasm (Figs 13, 17) . The oval spores contained two nuclei in diplokaryotic arrangement (Figs 12-14) . The spore wall was thick and measured 180 to 250 nm and consisted of a clear endospore (130 to 170 nm) and an electron-dense exospore (50 to 80 nm). The exospore was uniform (Figs 15-17) . The polar filament was isofilar and has 15-16 polar filament coils (Figs 13-15) with a diameter of 125 to160 nm. The last coils were immature and hence thinner (Figs 13, 14) . They contained a central core surrounded by four concentric layers (Fig.  15 ). Regular meshes of endoplasmic reticulum were arranged on both sides of the diplokaryon (Figs 14, 15 ). The polaroplast has obviously an anterior short section with closely packed nar- Figs 12-17. Transmission electron micrographs of spores of Nosema leptinotarsae in Leptinotarsa decemlineata. 12. A diplokaryotic spore with a thick wall consisting of a thin exospore (ex) and a thick, electron-lucent endospore (en). 13. Whole longitudinal section of a spore. 14. Longitudinal section of posterior part of a spore showing 15-16 coils of the polar filament (pf) with the last four immature coils and a clearly visible diplokaryon (N). Arrows indicate the plasma membrane. 15. Cross-section of the isofilar polar filament (pf) and spore wall consisting of a thin exospore (ex) and a thick endospore (en). 16. Longitudinal section of anchoring disc (ad) attenuated apically to the endospore. 17. Section of the anterior portion of a spore showing an anchoring disc and a well-developed, thin lamellae-type polaroplast. Scale bars = 1 µm (12, 13), 400 nm (14, 17), 200 nm (15, 16) Ultrastructure and occurrence of Nosema leptinotarsae in L. decemlineata 5 row lamellae and a posterior long section with wider lamellae (Fig. 17) . The well-developed polaroplast has a lamellated structure with thin lamellae (Figs 13, 16 and 17 ). An anchoring disc of the polar filament is clearly seen (Figs 16, 17) .
Occurrence of the microsporidial pathogen in L. decemlineata populations
In the present study we also studied the occurrence of this pathogen in larvae and adults of L. decemlineata from four localities in Trabzon (Turkey) for the year 2009. Totally, 898 larvae and 731 adults were examined for the presence of the pathogen. Infection rates were 1.89% for larvae and 4.51% for adults, but infection levels reached over 30% in the both larvae and adults in some localities.
During this study, we also compared the infection level in male and female beetles. 12 of the 290 investigated males and 21 of the 428 females were infected with microsporidia. The infection levels were 4.14% in males and 4.39% in females. There was no significant difference in the prevalence of infection in male (4.1%, n = 290) or female (4.39%, n = 428) beetles (Pearson Chi-square, P = 0.07, χ 2 = 3.27, df = 1, reliability 93%).
Discussion
Considering the ultrastructural characteristics of stages and the developmental cycle of the microsporidial pathogen of L. decemlineata, we conclude that it belongs to the genus Nosema Naegeli, 1857. The recorded pathogen has the typical characters of the genus Nosema such as presence of diplokaryotic stages, uniform exospore and the thickness of the spore wall (Larsson 1986 (Larsson , 1988 (Larsson , 1999 . The ultrastructure of many Nosema species has been described (Sato et al. 1982; Avery and Anthony 1983; Marchand 1984, 1986; Toguebaye and Bouix 1989; Canning and Vávra 2000; Yaman and Radek 2003; Yaman et al. 2005a Yaman et al. , b, 2008 Yaman et al. , 2009 Ovcharenko and Wita 2005) . The ultrastructural characteristics of Nosema spores in particular were given by Sato et al. (1982) and Canning and Vávra (2000) . To date, the sole finding of a microsporidium parasitizing L. decemlineata was N. leptinotarsae and no later record of this pathogen or any other diplokaryotic microsporidium species from L. decemlineata has been published. Here we present a microsporidium record from L. decemlineata for the first time since Lipa's description, which was based solely on light microscopy (Lipa 1968) .
According to Yaman et al. (2008) , up to now eleven species belonging to the genus Nosema have been described from the family Chrysomelidae; their morphological characteristics are shown in Table I . The spore dimension is a good feature for comparison of species of microsporidia. As seen in Table I , the microsporidium described here shows similarities with N. leptinotarsae as described by Lipa (1968) concerning spore size and infected host species, but differs from all other Nosema species which were described from chrysomelid hosts.
In recent identification keys to microsporidium genera, ultrastructural characteristics (especially of the spores) are always (Larsson 1986 (Larsson , 1988 (Larsson , 1999 . The spore is the most important life cycle stage, being always present and providing abundant features to evaluate (Larsson 1999) . Until now, seven of the eleven Nosema species from chrysomelid hosts have been studied by electron microscopy; their ultrastructural characteristics are shown in Table II . The combination of ultrastructural characteristics typical of N. leptinotarsae differs from all other Nosema species from chrysomelids (Table II) . For example, the number of polar coils provides a useful taxonomic criterion for differentiating species (Cheung and Wang 1995) . The number of polar coils of the described pathogen (15-16) is different from the number of coils of the six chrysomelid parasites, Nosema galerucellae (7-9 coils), N. couilloudi (8-10 coils), N. birgii (12-14 coils) , N. chaetocnemae (13 coils), N. phyllotretae (13-15 coils) and N. tokati (8-10) . The number of polar coils of N. leptinotarsae (15-16) is only identical to that of N. nisotrae (15-18 coils). However, N. leptinotarsae clearly differs from N. nisotrae in the type of polaroplast, thickness of spore wall, spore size, infected host species and also locality of the host population (Table II) . Compared to the other Nosema species infecting beetles in the family Chrysomelidae, N. letinotarsae has the thickest spore wall (180-250 nm) and the polar filament with the largest diameter (125 to 160 nm). The diameter of the polar filament is 115 nm in N. chaetocnemae (Yaman and Radek 2003) , 120 nm in N. phyllotretae (Yaman et al. 2005b) , and 90-100 nm in N. tokati .
It is often difficult to compare microsporidium species descriptions because early descriptions were based mainly on light microscopic spore morphology; ultrastructural details were not available. These restricted methods resulted in the unnecessary creation of new species (Malone and McIvor 1995) . Also Lipa's (1968) description of N. leptinotarsae was originally based on light microscopic spore morphology, but our findings confirm his identification and justify the classification as a separate species N. leptinotarsae. Therefore, the description of the spore ultrastructure of N. leptinotarsae provided by this study will be useful for the identification and comparison of other Nosema species from chrysomelid hosts.
Although the total infection rate recorded in this study is low, the infection reached over 30% in the both larvae and adults in two localities which are close to each other. Lipa (1968) recorded a maximum of 20% infection in adults of L. decemlineata. When compared with this result, the N. leptinotarsae infection is considerably high in some areas in Turkey.
Another important result of this study is that there was no significant difference in the infection levels of males and females of L. decemlineata, thus N. leptinotarsae does not favor any of the sexes. While Lipa (1968) recorded this pathogen only in the adults, we found this infection in the both, larvae and adults. The infection in the larvae of L. decemlineata also reached 30% infection rate in the potato fields in Trabzon, Turkey. Therefore, our study shows that N. leptinotarsae can be regarded as a natural antagonist of L. decemlineata. It is geographic and phylogenetic origin and relationship with other species of Nosema require further investigation. 
